The settlement of Madagascar is one of the most unusual, and least understood, episodes in human prehistory. Madagascar was one of the last landmasses to be reached by people, and despite the island's location just off the east coast of Africa, evidence from genetics, language and culture all attests that it was settled jointly by Africans, and more surprisingly, Indonesians. Nevertheless, extremely little is known about the settlement process itself. Here, we report broad geographical screening of Malagasy and Indonesian genetic variation, from which we infer a statistically robust coalescent model of the island's initial settlement. Maximum-likelihood estimates favour a scenario in which Madagascar was settled approximately 1200 years ago by a very small group of women (approx. 30), most of Indonesian descent (approx. 93%). This highly restricted founding population raises the possibility that Madagascar was settled not as a large-scale planned colonization event from Indonesia, but rather through a small, perhaps even unintended, transoceanic crossing.
INTRODUCTION
The colonization of Madagascar, an island nation located off the east coast of Africa, is one of the more unusual events in human prehistory. Malagasy, a term that denotes the island's people and their language, shows both biological [1] and linguistic [2] connections to east African populations. More surprisingly, there is unequivocal evidence of biological [3] and linguistic [4] links to Island Southeast Asia, specifically Indonesia. Although these dual African-Indonesian associations have been confirmed by numerous genetic, linguistic, ethnographic and archaeological studies, the process by which Madagascar was initially settled remains poorly understood [5] . Here, we tackle this question by simulating a genetic model of the initial settlement process, with a specific focus on the long-range Indonesian female contribution to modern Malagasy.
Archaeological and paleoenvironmental evidence shows that people settled Madagascar only recently. There may have been sporadic early arrivals from Africa with unknown connections to today's Malagasy [6, 7] , but a burst of continuous settlement activity is clearly in evidence around the middle of the first millennium AD [8] [9] [10] [11] . Despite detailed historical documents for other Indian Ocean regions from at least the Roman era onwards [12] , the first several centuries of Malagasy history passed by completely unrecorded. Madagascar and its people are not mentioned in any written source until the Arab geographer al-Idrīsī in AD 1165 [13] . Madagascar's extreme peripheral location on Indian Ocean trade routes may partly explain this historical silence; as late as the fifteenth century, the Arab cartographer ibn Mājid described Madagascar as 'bordering on the inhabited regions of the world' [13] . Just decades later, the Portuguese explorer Vasco da Gama sailed past Madagascar in 1497 on the first European voyage to India [14] , thereby ushering in an era of detailed European record keeping on later Malagasy history.
In the absence of early written records, attempts to reconstruct the history of Madagascar necessarily rely on indirect evidence. All Malagasy today speak dialects of an Austronesian language that traces its origin back to Indonesia [4] , a fact traditionally attributed to the Jesuit priest Luis Mariano in 1614 [15] , but noted as early as the twelfth century by al-Idrīsī [13] . Most of the Malagasy lexicon is ultimately sourced from Ma'anyan, a language spoken along the Barito River valley of southeast Borneo [16] [17] [18] . However, only a small landlocked community of ethnic Dayak currently speaks Ma'anyan, and this inland region of southeast Borneo offers little ethnographic or historical evidence for any sort of maritime tradition. It is perhaps unsurprising then that Malagasy harbours far broader linguistic contributions drawn from across the Indonesian archipelago [2] . Loan words from Sanskrit, all with local linguistic modifications via Javanese or Malay [2, 19, 20] , hint that Madagascar may have been colonized by settlers from the Srivijaya Empire, a major regional power in western Indonesia (modern Java, Sumatra and Malaysia) from the sixth to thirteenth centuries AD. Consistent with this hypothesis, Malagasy borrows large numbers of words from Javanese; the regional lingua franca, Malay; and even languages from southern Sulawesi, an island near the centre of the Indonesian archipelago. Cultural evidence-including iron working techniques, outrigger boats, musical instruments such as the xylophone, and the cultivation of rice, bananas, yams and taro (i.e. a 'tropical food kit')-all supports a strong Southeast Asian connection from at least the eighth century onwards [21] [22] [23] .
Genetic evidence paints much the same picture. Early blood protein studies identified dual African and Asian contributions [24, 25] . Later studies of mitochondrial DNA (mtDNA) and Y chromosome variation improved this geographical resolution. Soodyall et al. [26, 27] firmly established an Island Southeast Asian connection when they located the Polynesian motif in Madagascar. Apart from Madagascar, this mtDNA haplotype is restricted to remote Oceania, with low frequencies in Melanesia and eastern Indonesia, and only sporadic occurrences as far west as Bali and Borneo [28] . All sampled Malagasy are now known to carry a variant of the Polynesian motif, termed the Malagasy motif (characterized by polymorphisms 1473 and 3423A), whose global geographical range remains unclear [29] . In terms of male history, Y chromosome haplogroup O-otherwise restricted to Southeast Asia and Oceania-has been identified in Madagascar [3, 5] and the Comoros Islands, a small archipelago just off Madagascar's northern tip [30] . Where genetic dating has been performed, these genetic connections to Indonesia are consistent with the temporal bounds suggested by archaeology and linguistics [5] , although invariably with much larger CI.
In combination, a broad outline of Malagasy historyespecially later periods-is beginning to emerge. However, we still lack any real understanding of the island's earliest history, particularly its initial colonization. What was the settlement process like? Was Madagascar colonized via large-scale population movements, or through a smaller translocation? How many people originally founded the Malagasy? What proportion of these settlers was Indonesian? And when did they first arrive? Here, we use new genetic data from Indonesian source populations, and a coalescent model specifically designed for the settlement of Madagascar to address these unresolved questions.
METHODS (a) Samples
The Indonesian samples analysed in this study have been described extensively elsewhere [31] [32] [33] [34] [35] [36] . In brief, 2745 individuals were screened from 12 island groups spanning the Indonesian archipelago: 27) and Timor (n ¼ 529). Samples were obtained with written informed consent by H.S., M.T., Golfiani Malik, Wuryantari Setiadi and Loa Helena Suryadi of the Eijkman Institute for Molecular Biology (Jakarta, Indonesia), and J. Stephen Lansing of the University of Arizona (Tucson, AZ, USA), with the assistance of Indonesian Public Health clinic staff. Sample collection followed protocols for the protection of human subjects established by both the Eijkman Institute and the University of Arizona institutional review boards. Permission to conduct research in Indonesia was granted by the Indonesian Institute of Sciences. All genetic screening was performed by M.T. at the University of Arizona.
(b) Genetic markers Individuals carrying the Polynesian motif (haplogroup B4a1a1a) were identified by sequencing a 530 bp fragment of the mtDNA first hypervariable segment in all 2745 samples. All Polynesian motif carriers were screened for polymorphisms specific to the Malagasy motif, that is, restriction fragment length polymorphism (RFLP) losses at nucleotides 1473 (21473 HhaI) and 3423A (23423 AciI). Single nucleotide polymorphism (SNP) genotyping was performed using the method of Razafindrazaka et al. [29] .
(c) Published data Genetic diversity among Malagasy populations was drawn from previously published research [29] . In brief, 266 individuals were screened from three Malagasy ethnic groups: Mikea hunter-gatherers (n ¼ 127), semi-nomadic Vezo fishermen (n ¼ 101) and the dominant Andriana Merina ethnic group (n ¼ 38). A detailed description of this dataset and associated research findings is available in the study of Razafindrazaka et al. [29] .
(d) Demographic models A hierarchical modelling approach was applied to determine the demographic parameters of Malagasy settlement. First, the historical relationships between African and Indonesian populations were determined. We adopted the simulation framework of Wollstein et al. [37] , in which an ancestral African population (N ancestral ) split at some time (T split ) to form modern Africans (N African ) and Indonesians (N Indonesian ). We adjusted the Wollstein model to accommodate an Indonesian sample drawn from across the Indonesian archipelago, rather than just the island of Borneo, and accepted the African component of their model as it stands. Second, this African-Indonesian framework was extended to incorporate the Malagasy (figure 1). At some time (T settlement ), the Malagasy population (N foundation ) is formed from some proportion of Indonesian (P Indonesian ) and African (1 2 P Indonesian ) settlers. This Malagasy deme subsequently grows exponentially until it reaches its current effective population size (N current ).
(e) Coalescent simulation Coalescent datasets were generated using the software MS [38] . The entire mtDNA genome was simulated using two-phase mutational scaling. First, the 530 bp fragment of the control region was simulated using a mutation rate of 8.0 Â 10 26 mutations per site per generation [39] corrected for a generation interval of 25 years [40] . Second, the coding region was simulated by applying a mutation rate scalar of 1.57 coding region mutations to every control region mutation [41] . In the coalescent framework, the mutation rate and physical length of a locus are interrelated. We assume that the mitochondrial genome is not subject to recombination-the dominant view held by the research community today [42] . In this situation, the same coalescent outcome can be obtained by linearly scaling the mutation rate and physical length (e.g. doubling the mutation rate, while halving the length). We employ this scaling rule to simulate the entire mitochondrial genome because existing coalescent software cannot simulate multiple fully linked genetic regions with different mutation rates, but are instead flexible with regard to locus length. The control region rate was applied to the entire mitochondrial genome, and the coding region scaled by 1.57 times the control region length to reconstruct the correct overall ratio of coding to control region mutations. Soares et al. [41] provide a detailed explanation of this scaling factor.
(f) Data summaries Summary statistics was developed based on unusual aspects of the Indonesian and Malagasy mtDNA datasets. First, the number of segregating sites-S summarizes the total length of the genealogy [43] and is an unbiased estimator of the population mutation rate (u ¼ N e m). The number of segregating sites in the Indonesian population was set as an acceptance criterion to control for the population mutation rate (i.e. it prevents acceptances of unreasonably large or small effective sizes) [44] . Simulations were accepted if the control region portion of the simulated dataset contained (i) the same number of segregating sites as in the observed Indonesian sample (S ¼ 186) or (ii) segregating sites within 5 per cent of this value. Second, the Malagasy data exhibit an unusual and distinctive pattern of mtDNA polymorphism. The Malagasy motif is a close relative of the Polynesian motif, but differs from it by two polymorphisms. Because mtDNA mutation rates only predict two mutation substitutions every 5216 years (using the corrected mutation rate of Soares et al. [41] ) and archaeology constrains the settlement history of Madagascar to less than 2000 years, finding the derived Malagasy motif with two substitutions relative to the ancestral Polynesian motif is statistically unusual. Simulations were therefore accepted only if they contained a haplotype in the Malagasy sample that differed from an ancestral Indonesian haplotype by two changes in the coding region, but no changes in the control region.
Third, simulations were accepted only if simulated allele frequencies mirrored observed allele frequencies. The 'ancestral' haplotype in the simulated Indonesian sample was required to have a frequency less than or equal to the Polynesian motif frequency in the observed Indonesian data (less than or equal to 0.02). Similarly, the 'derived' haplotype in the simulated Malagasy sample was required to have a frequency greater than or equal to the Malagasy motif frequency in the observed Malagasy data (greater than or equal to 0.22). Averaged across the Mikea, Vezo and Merina ethnic groups, this value is slightly lower than the B4a1a1a frequency observed for the Antandroy, Antanosy, Antaisaka and Merina (0.34) [5] . However, as Tofanelli et al. did not explicitly screen for the Malagasy motif, we chose to perform simulations using our more conservative estimate of the actual Malagasy motif frequency.
Cþþ code to calculate these summary statistics on MS coalescent simulations is available from the authors on request.
(g) Inferential statistics Forty million coalescent simulations were run across a fourdimensional parameter space in the Malagasy settlement model. Values were drawn randomly from uniform distributions for N foundation (0, 2000) , N current (0, 8041), T settlement (0, 5000 years) and P Indonesian (0, 1). Only simulations matching all summary criteria (described above) were retained. Because simulated parameters were drawn from random uniform distributions, accepted simulations form an unbiased estimate of the likelihood. The peaks (modes) of reported probability densities are maximumlikelihood estimates (MLEs), and were calculated using kernel density estimation via the density function in the base package of R [45] . For each demographic parameter, 95% CI were calculated as asymmetric [0.025, 0.975] quantiles of the observed probability density.
RESULTS (a) Malagasy motif in Madagascar
The Polynesian motif (mtDNA haplotype B4a1a1a) occurs at variable frequency among the ethnic groups ( foko) of Madagascar and has been shown to be a direct translocation from Island Southeast Asia [3, 29] . In a 2010 study, the Polynesian motif was identified in 58 of 266 (22%) Malagasy individuals, although its frequency varied among three ethnic groups: 50 per cent in Merina, 22 per cent in Vezo and 13 per cent in Mikea [29] . Whole mtDNA genome sequencing found that the Polynesian motif in Madagascar is characterized by two additional mutations (1473 and 3423A), which have been identified in all Polynesian motif carriers screened in Madagascar so far [29] . For this reason, this new haplotype has been termed the Malagasy motif and occurs in Madagascar at an average frequency of 22 per cent.
(b) Malagasy motif in Indonesia To identify the distribution of the Malagasy motif in Indonesia, the diagnostic markers of the Polynesian and Malagasy motifs were screened in a large number of individuals (n ¼ 2745) from across the Indonesian archipelago (table 1) . Only 45 of 2745 sampled individuals (2%) carried the Polynesian motif, specifically on the islands of Bali (n ¼ 6), Sumba (n ¼ 4), Alor (n ¼ 1) and Timor (n ¼ 34). This is consistent with previous results, which show the Polynesian motif reaching greatest frequency in remote Oceania, with much reduced frequencies in eastern Indonesia and only sporadic occurrences in western Indonesia [46] .
The 45 Polynesian motif carriers were screened for the diagnostic markers of the Malagasy motif. None carried either of the two additional mutations (1473 and 3423A). This is consistent with published results of full mtDNA [29, 46] . We applied a Monte Carlo sampling error algorithm [31] to infer a possible upper bound on the allele frequency of the Malagasy motif across Indonesia as a whole. Even if present in Indonesia, the Malagasy motif is statistically unlikely to exceed a frequency of 0.1 per cent there. As this is only an inference, we do not use this value in our simulations. In its place, we focus on the concretely known frequency of the ancestral Polynesian motif in Indonesia. However, we conclude that (i) either the Malagasy motif arose in Madagascar and is therefore not present in Indonesia; or (ii) the Malagasy motif arose in Indonesia, but is either absent there or occurs only at an extremely low frequency there today.
(c) Demographic inference A hierarchical series of coalescent models was developed to infer the demographic processes underpinning the initial settlement of Madagascar. Because this analysis is based on mtDNA evidence, we effectively report the history of Malagasy women. The inferential model was built around three especially unusual characteristics of the Malagasy and Indonesian mtDNA data: (i) the ancestral Polynesian motif occurs at very low frequency in Indonesia (this study); (ii) the derived Malagasy motif occurs at moderate-to-high frequency in Madagascar [29] ; and (iii) the Malagasy motif differs from the Polynesian motif by two SNPs within the coding region [29] . Even given the relatively high rate of mtDNA mutations, two new polymorphisms would be expected to arise only once every approximately 5216 years [41] . Although this time frame is consistent with the estimated age of the ancestral Polynesian motif [46] , it still far exceeds the colonization horizon of approximately 1500 years attested by archaeological and linguistic records for the settlement of Madagascar. Therefore, we set out to determine how often this unusual pattern of mtDNA diversity might occur under various demographic parametrizations of the settlement of Madagascar.
(d) African-Indonesian framework To determine the demographic parameters of a Malagasy settlement model, we first had to formulate a basic demographic framework relating Africans and Indonesians, the parental groups of modern Malagasy. This relationship was recently inferred using coalescent simulations, and is described in great detail by Wollstein et al. [37] . Rather than duplicate their efforts, we accepted this inferred demographic model with one key exception. The Wollstein model was specifically inferred for a single population sample from Borneo, whereas our Indonesian sample was drawn from across the archipelago. We modified the Wollstein model to accommodate this difference. Coalescent datasets were simulated under a range of effective population sizes for Indonesia (as opposed to just Borneo). The same number of segregating sites as observed in the real Indonesian dataset (S ¼ 186) was chosen as the acceptance criterion. The MLE for the effective population size of Indonesians was 4637 (95% CI: 2435-6823), which slightly exceeds the estimate of Wollstein et al. for the island of Borneo (4034; 95% CI: 1993-6497). Because we are sampling a larger geographical range of genetic diversity, the effective size of Indonesians is expected to be larger than the effective size of the single Borneo population by itself. This pan-Indonesian effective size estimate was applied in all subsequent modelling.
(e) Malagasy settlement model The African-Indonesian framework was extended to accommodate the key aspects of Malagasy settlement (figure 1). In this more complex model, the Malagasy population is formed through admixture between African and Indonesian sources. At some time (T settlement ), the Malagasy population (N foundation ) is formed from some proportion of Indonesian (P indonesian ) and African (1 2 P Indonesian ) settlers. The founding population subsequently expands until it reaches its current effective population size (N current ). Under this inferential model, we simulated coalescent datasets representing entire mtDNA genomes, which were accepted only if they possessed the key distinguishing characteristics of the Malagasy/Indonesian mtDNA dataset: (i) an ancestral haplotype ('Polynesian motif ') in Indonesia with frequency less than or equal to 2 per cent; (ii) a derived haplotype ('Malagasy motif ') in Madagascar with frequency greater than or equal to 22 per cent; (iii) ancestral and derived haplotypes that show no variation in the control region; (iv) ancestral and derived haplotypes that differ by two mutations in the coding region; and (v) 186 segregating sites in just the control region portion of the simulated Indonesian dataset.
Coalescent simulations were run on an eight-core UNIX cluster for 11 520 CPU hours (i.e. equivalent to one computer running for approx. 1.3 years). Only 671 simulations (0.0017%) were returned under all five acceptance criteria. To expand the acceptance rate, the segregating sites' criterion was extended to accommodate 5 per cent variance in the observed value (S ¼ 186 + 5% ¼ 177-195). Under this more relaxed standard, 12 250 simulations (0.03%) were returned under all five acceptance criteria. As the two sets of results showed no substantive differences, demographic parameters are reported for the larger dataset.
Likelihood curves were plotted for all four demographic parameters in the Malagasy settlement model: foundation effective population size, current effective population size, time of settlement and proportion contribution from Indonesia (figure 2). MLEs and 95% CI are This effective size is very small compared with other globally distributed populations [47] , but fits well with the fact that many Malagasy carry an identical mtDNA sequence (i.e. the Malagasy motif).
DISCUSSION
An extensive body of genetic, linguistic and anthropological research has now painted a picture of Malagasy history in broad brushstrokes. Humans reached Madagascar only relatively recently. In fact, Madagascar was among the last places on Earth to be settled-archaeological evidence suggests that the first sustained colonization did not occur until the middle of the first millennium AD. Today, Malagasy show clear evidence of genetic and linguistic contributions from Africa. Loanwords suggest contact with the Bantu-speaking peoples of east Africa [2] , but the exact origin of these African settlers remains largely unknown. Contact with populations north of the Zambezi River is typically favoured [5, 26] . Complementing this African connection, evidence [29] . However, the distribution of the Malagasy motif outside Madagascar has been unclear. Here, we show that this lineage is not widely distributed in Indonesia. Indeed, the Malagasy motif was not detected in 2745 individuals drawn from across the Indonesian archipelago-the largest Indonesian population dataset analysed to date. Even the Polynesian motif, the ancestral lineage of the Malagasy motif, is rare in Indonesia (2%), and with sporadic exceptions, this haplotype is restricted to eastern parts of the archipelago. It remains possible that the Malagasy motif may yet be found in a few small Indonesian communities, perhaps on the relatively understudied islands of Borneo and Sulawesi. Broader sampling in these regions will eventually answer this question. Alternately, the Malagasy motif may not be present in Indonesia at all. Perhaps it arose among the earliest Indonesian colonists to Madagascar, subsequently sweeping to high frequency either in Madagascar or somewhere along the path of their travel (e.g. putative stopping points along the east African coast). In either case, these scenarios hint at a substantial Indonesian founder event during the main settlement period in Madagascar, with strong genetic drift raising the frequency of the Malagasy motif to the elevated levels observed in Madagascar today.
To infer the parameters of this settlement model in more detail, a statistical simulation model was built around the unusual genetic patterns observed in the Malagasy/Indonesian mtDNA dataset: (i) a low frequency of the ancestral Polynesian motif lineage in Indonesia; (ii) two polymorphisms distinguishing the Polynesian and Malagasy motifs; and (iii) a high frequency of the derived Malagasy motif in Madagascar. We set out to ask: what range of settlement model parameters produce genetic patterns like the ones we observe?
Our coalescent modelling suggests several answers to this question. First, although the observed pattern of genetic diversity is relatively uncommon, it occurs more frequently under certain demographic parameters. Coalescent simulations best support settlement of Madagascar beginning around AD 830. This date is consistent with evidence from linguistics, which links the colonization of Madagascar to the expansion of Indonesian trading networks during the Srivijaya Empire [2] . Srivijaya reached its peak in the ninth century, but remained a major maritime power in the Indian Ocean until well into the thirteenth century, consistent with the time frame suggested by our simulations. Our estimates also support a model in which Madagascar was settled by a small effective founding population-estimated at only approximately 30 women, most of whom had Indonesian ancestry (93%). Although this number of founding women might seem surprisingly small, it fits well with estimates of the small number of women (approx. 70) who founded New Zealand, another island nation settled by related Austronesian speakers at around the same time period [48] . In contrast with the simulations of Tofanelli et al. [5] , our more complex inferential modelling shows that founder events and drift dynamics are sufficient to explain the frequencies of the Polynesian and Malagasy motifs in Indonesia and Madagascar. Tofanelli et al. employed a one-deme model, simulated only a small range of founding population sizes and fixed (rather than inferred) the Malagasy growth rate. Although they simulated genetic drift, it is not clear that they explicitly modelled the Malagasy founder event. In comparison, our multi-deme simulation framework is far more exact about the colonization event itself. Our highest likelihood model describes a settlement process in which relatively few women, most travelling from Indonesia, founded the Malagasy population-with a much smaller, but just as important, biological contribution from Africa. This is the first genetic analysis where statistical bounds have been placed on the demographic parameters of Malagasy settlement. The most likely model favours a small founding population, which brings into question the broader context in which the settlement of Madagascar took place. A recurring hypothesis is that Indonesian maritime traders initially settled Madagascar, either as a single colonization event or via repeated settlement waves from the same source population (a process known to the Malagasy as ranto) [2, 49, 50] . Indeed, merchants have plied coastal Indian Ocean trade routes between east Africa and northern China at least since the Roman era [12] . However, early written records imply that these trading voyages were dominated by men; there is no mention of women on board long-distance trading vessels [13] . There is no clear evidence suggesting that Madagascar was settled in multiple waves, but because ranto is mentioned in traditional Malagasy narratives, this may be a profitable direction for future simulations.
An alternative hypothesis is that Madagascar was settled as a formal trading colony, perhaps under the auspices of the Srivijaya Empire (although Malagasy are not Hindu today), and possibly resembling later Arab trading centres in the region. Or perhaps Madagascar was settled as an ad hoc centre for refugees, drawn from those who lost land and power during the rapid expansion of Srivijayan influence. Such colonies would be established to be self-sufficient, and therefore, might be expected to include Indonesian women. However, there is little evidence-historical, archaeological or biological-of other Indonesian bases around the Indian Ocean, including the east African coast, although there may have been a Malay trading post in what is now Sri Lanka [50] . Founding such a centre in any official capacity on Madagascar-at the far extreme of Indonesia's trading reach-therefore seems out of keeping with contemporary Indonesian trading practices. Along related lines, historical documents leave no record of refugees fleeing the Srivijaya Empire, although early chroniclers seldom paid attention to powerless groups as these refugees would likely have been.
A third hypothesis is that Madagascar was settled via a direct sailing route across the Indian Ocean, perhaps even as the result of an unintended transoceanic voyage. This view is traditionally considered unlikely, but has recently been revived based on seafaring simulations using ocean currents and monsoon weather patterns [51] . Indeed, during the Second World War, wreckage from ships bombed in the vicinity of Sumatra and Java later washed up in Madagascar, including-in one instancea survivor in a lifeboat [52] . Cargo ships were substantial vessels during the first millennium AD-up to 500 tonnes and manned by over 100 sailors [53, 54] . It is therefore not beyond the realms of possibility that a single wayward vessel might have effected the settlement of Madagascar. This would certainly be consistent with the extremely small initial size of the Malagasy population, although perhaps not with the mixed-sex founding group suggested by Malagasy genetics.
Without further evidence, the exact nature of Madagascar's settlement must necessarily remain unresolved. Nevertheless, we can now place the settlement process on a much firmer statistical footing. Malagasy are the children of both east and west, with clear Indonesian and African antecedents. Madagascar was settled approximately 1200 years ago, primarily by a small cohort of Indonesian women, and this Indonesian contribution-of language, culture and genes-continues to dominate the nation of Madagascar even today.
